Jakarta has experienced many floods in the past, and those floods resulted in not only human casualties but also economic damages. In this paper a rainfall runoff and flood inundation model was applied to the 2013 flood event of the Ciliwung River basin and Jakarta by using radar rainfall information as the input. The applied model relatively well reproduced the flood inundation situation in Jakarta. As the results of analysis, we concluded that the shortage of capacity flow in the lower Ciliwung River contributed 6.7%, the shortage of capacity flow in other rivers 72.9%, and the urbanization and the land subsidence 20.4% of the total flood inundation volume in Jakarta. Furthermore, it was found that the land use change from 1983 in the target areas contributed 38% of the total flood inundation volume.
INTRODUCTION
The Special Capital Region of Jakarta (referred to below as Jakarta) in Indonesia is now enjoying economic development in what may be called a "golden period of growth." However, there are many social problems and one of which is caused by insufficient infrastructures. Jakarta has experienced many floods in the past, such as those in 1996, 2002, 2007 and 2013 , and those floods resulted in not only human casualties but also economic damages 1) . There have been a number of studies related to the flood problems in Jakarta. According to Bricker et al. 2) , the reduced capacity of the drainage system by trash clogging flood gates was raised as one factor for the flooding. Kure et al. 1) emphasized that the shortage of capacity flow in the lower Ciliwung River is one of the factors for the flooding in the lower sections of Jakarta. Farid et al. 3) pointed out that the urbanization of the Ciliwung River basin is contributing to increase of the flood flow in the river, and the land use change impacts on the runoff in Ciliwung River basin were evaluated by a numerical simulation. In addition to above problems, land subsidence due to groundwater extractions, sedimentary layers and building loads, and their relation to the floods are reported 4) . Moe et al. 5) applied a rainfall runoff and flood inundation model to Jakarta and proposed to enlarge the flood flowing capacity of the Ciliwung River as a countermeasure to mitigate the flood damages in Jakarta. Nuswantoro et al. 6) proposed probabilistic hazard maps for Jakarta using a rainfall runoff and 1D-2D hydraulic model with stochastic rain-storm generator.
As such, several factors contributing to the Journal of Japan Society of Civil Engineers, Ser. B1 (Hydraulic Engineering), Vol. 72, No. 4, I_1243-I_1248, 2016 floods in Jakarta have been reported and some measures have been proposed to improve the situation. However, a quantitative evaluation of factors causing the flooding has not been conducted because of the complexity of the flood mechanism in Jakarta. Also, difficulties to capture the spatial distribution of rainfall in the target area in the rainfall runoff simulations were reported 1),3), 6) because of the shortage of rain gauges installed in the target areas.
The main objective of this paper is to quantitatively evaluate the flood inundation situations and land use/cover change impacts on the flood inundations in Jakarta by using a rainfall runoff and flood inundation model. Also, in order to overcome the lack of rainfall data due to the shortage of the rain gauge stations, radar rainfall information is used as the input for a flood simulation model employed in this study.
METHODOLOGY (1) Study area and data used
Thirteen major rivers flow northwards through Jakarta into the Java Sea and the main river in Jakarta is the Ciliwung River originated from Pangrango Mountain as shown in Figure 1 . The Ciliwung River has a catchment area of 382.6 km 2 with the river length of 117 km. The influence of the Ciliwung River on the Jakarta region is the largest among the other rivers flowing into Jakarta.
The target area selected in this study includes Jakarta and the Ciliwung River basin totally covering 1346.6 km 2 as shown in Figure 1 . The DEM from Shuttle Radar Topography Mission with resolution 90 meters was employed in this study. Land cover data of the target area was provided by the Ministry of Public Works (PU), Indonesia and the data was employed for the determination of model parameters used in this study. The data of cross sections of rivers and the drainage system were obtained from the project authority of JICA on the Ciliwung River in 2011. Rainfall data in the target area was provided by the BMKG, and water level data of the Ciliwung River and flood inundation map of Jakarta were provided by the BPBD.
(2) Radar rainfall
The 2013 flood event was selected as the target event in this paper because this event has an observed inundation map in Jakarta. In the study area it is difficult to obtain rainfall data with high temporal and spatial resolutions from the ground gauge stations. For the 2013 flood event, only 7 of 17 rain gauges provided hourly rainfall data, as shown in Figure 1 . This number is not adequate to provide a good spatial distribution of hourly rainfall for model input. Other gauges record rainfall data at the daily intervals, so that the hourly data is not available. In September 2007 a C-band Doppler radar was installed at Serpong, a southwestern suburb of Jakarta 7) . Thus, radar rainfall information is used as the input for a rainfall runoff model in this study. Radar rainfall data was provided by the BPPT.
(3) Flood inundation model
In this study, a physically based rainfall-runoff and flood inundation model 5), 8) was employed in order to simulate the flood inundation situations in Jakarta. The model consists of rainfall-runoff module at each subbasin, hydrodynamic module in the river and canal networks, and flood inundation module for the floodplains.
For the rainfall runoff simulation, a physically based distributed rainfall-runoff model 8) was employed because this model can simulate the hortonian overland flow in urban areas and the subsurface flow and saturation overland flow in mountainous areas depending upon the relationship between the soil and geological characteristics and the rainfall intensity in a hillslope.
The Saint-Venant equations for the conservation of continuity and momentum were used in a flood routing in rivers and a drainage system. The unsteady two-dimensional flow equations consisting of the continuity equation and momentum equation are numerically solved for the flood inundation simulation of the flood plain.
We assume that a certain percentage of rainfall directly contributes to the urban flooding in the urbanized area. Thus, the following equation of the rainfall is used for the point source input for two (1) where, r is the rainfall intensity, r urb is the rainfall intensity that directly contributes to the urban flooding, and α is the urban flood coefficient determined by calibration. In this study α was determined as 0.1 by calibration. It means 10% of rainfall contributes to the urban flooding in the urbanized area of Jakarta while 90% rainfall is used for the rainfall runoff simulation. In the rainfall runoff simulation, other runoff coefficients, shown in Table 1 , are also employed to compute the effective rainfall, and then runoffs from each subbasin are simulated by the rainfall runoff module. The reason why we included this urban flood parameterization in the modeling is the complexity of the urbanized area in Jakarta. Urban flooding occur because of the shortage of capacity flow of small canals and drainage system in the local area but those detailed information is difficult to collect and employ in the modeling system.
(4) Model parameter
The soil parameters used in the rainfall runoff simulation were calibrated based on 4 land cover classes, i.e. forest, cropland, paddy field and urban area, and the parameter values of those land use categories were determined by the try and error exercise to achieve a good agreement with the simulated and observed hydrographs in the river. The calibrated parameters in this paper are shown in Table 1 . In addition, the manning's roughness coefficients of the river beds were set from 0.03 to 0.1 m -1/3 s for river sections, and the said coefficients of the land surface were set as 0.1 m -1/3 s for all the floodplains through the calibration.
(5) Land use/cover change impact assessments
According to Farid et al. 3) , the urbanization of the Ciliwung River basin has been contributing to increase of the flood flow in the river. Thus, the effect of the urbanization on the flood inundation in Jakarta was analyzed in this paper. Land use/cover maps in 1983, 1996 and 2002 were provided by the PU and those maps are shown in Figure 2 . The land use categories on each map were based on the LANDSAT satellite image analysis 9) . The calibrated model parameters, shown in Table 1 , based on the 2002 land use/cover map are constant in the all simulations, but the areas of the land use categories in each subbasin in 1996 and 1983 are different from those in 2002, and such changes will affect runoffs from subbasins and urbanized areas in Jakarta to which r urb is applied in the modeling framework of this paper.
It should be noted that our target event is the 2013 flood but we used land use map in 2002 for the calibration of the model parameters based on the assumption that there was no land use change from 2002 through 2013.
RESULTS
(1) Advantages of the radar rainfall Figure 3 shows the time series data of the radar rainfall intensity and ground observation results at the Bendung Gadog and Cilember stations. It can be seen from those figures that there are biases of radar observed data against ground data. Those biases 
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were corrected based on the ratios obtained from total rainfall depth of the radar and gauge station data during the flood event, and those ratios from each ground gauge were spatially interpolated over the target area by the Inverse Distance Weighted (IDW) method. Then, the whole grid data of the radar rainfall were adjusted by the ratios. Figure 4 shows the comparison of data from the daily accumulated rainfall fields on January 15, 2013 obtained from the radar (left), and that from the observation gauges (center). Also, spatial distribution of the ratios (right) obtained from the ground and radar rainfall data are shown in Figure  4 . The rainfall field data of the observation gauges was produced based on the interpolation using the IDW. It can be clearly seen that the rain field data obtained from the rain gauges do not capture the high rainfall intensities in the northern part of Jakarta. It should be noted that some radar rainfall values are different from ground rainfall even in the just point of gauging station in Figure 4 because the modification was made by the total rainfall depth during the flood event while Figure 4 shows the daily accumulation rainfall values. Figure 5 shows the time series data of the basin averaged rainfall and river discharge at the Katulampa and Depok stations. It is found that the basin averaged rainfall data obtained from the gauge stations shows different behaviors against discharge time series, but the rainfall data obtained from the radar shows the good agreement with the observed discharge. From those results, it can be said that the radar rainfall data is apparently better for capturing the spatial distribution of the rainfall, and the radar rainfall data should be employed in the flood simulation of Jakarta in order to achieve the good simulation results.
(2) Model application results
The flood inundation model was applied to the target areas for the 2013 flood event of January 14 -18, 2013. The comparison of the simulated and observed discharge hydrographs at the Depok and Katulampa stations are shown in Figure 5 . The simulated discharge is calculated by using the radar rainfall data. It can be seen from Figure 6 shows the observed inundation area in Jakarta and the simulated maximum inundation depth of the target area. The observed flooded area data was provided by the BPBD, and the data was based on the eyewitness reports by government officers during the flood event and interviews with local residents after the event although there are some uncertainties. It is noted that the inundation in the northern coastal area is mainly from urban flooding. The simulated inundation area in the target area matched relatively well with the observation results, namely, at the north-west of Jakarta and the upstream area of the Manggarai gate point.
(3) Original source of the flood inundations
The flood inundation volumes originated from each source were computed as shown in Table 2 and those inundation areas were represented in Figure 6 . The flood volumes were computed by the maximum inundation depth and inundated area in Jakarta derived from the simulation results. River flood volumes without urban flooding were computed by simulations without the urban flooding under the assumption that the interaction effects of urban flooding on the river flooding are small, and those volume can be linearly subtracted. In 2002 land use condition, the area with the shortage of capacity flow in the lower part of the Ciliwung River contributed 6.7% and the shortage of capacity flow in other rivers contributed 72.9%, of the total flood inundation volume. Also, the urban flooding in the northern part of Jakarta occupied 20.4% of the total volume, and this may be attributable to urbanization and land subsidence 4) because the land subsidence rate increases approximately 15 cm/year in those flooded areas.
(4) Land use/cover change impacts
Land use/cover change impacts are analyzed by the calibrated model using the land use/cover conditions in 2002, 1996 and 1983 . Simulated hydrographs at the Katulampa and Depok stations in each land use/cover condition are shown in Figure  7 . Also, the simulation results from the land use/cover condition in 1983 are shown in Figure 8 . It was found that the flood peak and volume decreased with the decrease of the urbanized area in 1996 and 1983, and an hour delay of peak timings can be seen in 1983. Also, the total flood inundation volumes in Jakarta in 1983 and 2002 are 1,485,720 m 3 and 2,430,451 m 3 , respectively. From those results, we concluded that the flood inundation in Jakarta affected by the land use/cover change of the target areas accounted for 38% of the total flood inundation volume in Jakarta.
CONCLUSIONS
In this paper the rainfall runoff and flood inundation model was applied to the 2013 flood event in the Ciliwung River basin and Jakarta by using radar rainfall information as the input. As a result of analysis, it was found that the applied flood inundation model relatively well reproduced the flood inundation situation in Jakarta. From the application of the model, we concluded that the shortage of capacity flow in the lower Ciliwung River contributed 6.7%, the shortage of capacity flow in other rivers 72.9%, and the urban flood due to the urbanization and land subsidence 20.4%, of the total flood inundation volume in Jakarta. Furthermore, it was found that the land use change in the target area contributed 38% of the total flood inundation volume in Jakarta. As such, many problems and factors are contributing to the flooding in Jakarta. 
Fig. 5
Time series of the observed and simulated discharge at Katulampa and Depok stations and basin averaged rainfall based on the ground gauge and radar information.
Fig. 6
Comparison between the simulated (left) and observed (right) inundation areas.
It should be emphasized that many areas of the city were being inundated even in the land use condition of the Ciliwung River basin in 1983 because of the shortage of the flood flowing capacity of the basin and the flooding in low land areas as shown in Figure 8 . Thus, flood countermeasures should be conducted not only for upstream regions but also with other several factors, such as the land subsidence and the shortage of the capacity flows in the rivers, taken into account, in order to reduce the flood damage in Jakarta.
It should be noted that artificial structures such as river gates and pumping stations in the floodplains were not taken into account in the model simulation in this paper. Therefore, the results presented in the paper should be considered as initial assessment results. 
